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To a considerable extent, the dynamic growth in the production and use of polymer materials that has been observed for many years is related to their high resistance to the action of both abiotic and biotic agents. However, characteristics that are considered to be advantageous when viewed from the standpoint of production and use are perceived as faults, because once they have been used, these materials become a troublesome encumbrance for the environment; sooner or later a high proportion of them becomes waste and goes to the refuse tip or is dumped in the seas and oceans. Accordingly, much attention is now being concentrated on searching for new technologies and on the production of materials that have characteristics that are as similar as possible to those of the polymers currently being used, but undergo degradation under the action of macro-and microorganisms -also in the natural environment.
Environmental degradation of a polymer encompasses the mechanisms of photo-, chemo-and biodegradation, which depend both on climatic factors (e.g. wind, rain, sunlight) and on animals, microorganisms and enzymes. Often the synergistic action of various factors leads to the decomposition of a polymeric material.
Aliphatic polyesters now represent the most interesting group of polymers that can be degraded both in contact with living organisms, and in the conditions of the natural environment. An example of an aliphatic polyester that undergoes microbiological decomposition is poly(ε-caprolactone) (PCL) [1] [2] [3] [4] [5] . * The author to whom any correspondence should be addressed.
According to the literature, degradation of aliphatic polyesters in the natural environment may be the result of enzymatic attack or ordinary hydrolysis of the ester bonds, or even both of these mechanisms at the same time [6] [7] [8] [9] .
The purpose of the present work was to study the effect of various modifying additions on the rate of biodegradation of PCL in natural conditions.
EXPERIMENTAL Test materials
The investigations were carried out on the following polymers:
-unmodified PCL (M w = 80 000), with the tradename "TONE 787", from Union Carbide;
-unmodified PCL (M w = 80 000), with the tradename "CAPA 680", from Solvay;
-PCL modified with starch, with the tradename MaterBi of class Z, obtained from the company Novamont;
-"CAPA 680" PCL modified with calcium carbonate (chalk) (60% PCL/40% CaCO 3 ), from Solvay;
-"TONE 787" PCL modified with poly(ethylene-butyl acrylate) -EBA copolymer containing 17% butyl acrylate and antioxidant (90% PCL/10% EBA), obtained from the Royal Institute of Technology in Stockholm;
-"TONE 787" PCL modified with a system (Master Batch, MB) consisting of LDPE and amides of erucic and oleic acid (97% PCL/3% MB), obtained from the Royal Institute of Technology in Stockholm.
The biodegradation environment
The investigations comprised biodegradation of PCL in two natural environments:
-In a compost heap including activated sludge, which is a specialised biocoenosis comprising various microorganisms (including Micrococcaceae, Enterobacteriaceae, Bacteriaceae, Pseudomonadaceae, Cytophagaceae, Thiobacteriaceae, Arthrobacteriaceae, Propionibacteriaceae and Lactobacillaceae). The dewatered sludge was composted directly, using the lime method (0.45-0.55 kg CaO per kilogram of dry sludge), which destroyed pathogenic bacteria and eggs of parasites present in the sludge, the environment was deacidified and the sludge mass was given a pasty, lumpy structure. The samples of PCL were placed in a special basket at the centre of the compost heap, which was additionally covered with straw in order to maintain suitable conditions for growth of microorganisms (temperature, moisture content). The compost heap had been formed in the grounds of the Gdynia sewagetreatment plant (PEWIK Ltd.).
-In seawater at the Norwegian Wharf in Gdynia near the "Kapitan Poinc", a vessel of Polish Ship Salvaging. The PCL samples were placed in a basket with the dimensions 40 x 40 x 20 cm, made from perforated galvanised sheet and suspended on a line, at a depth of two metres below the surface of the sea. Perforation of the basket allowed seawater to flow through freely, and it also meant that microorganisms and enzymes dissolved in the water had access to the material undergoing degradation.
Biodegradation of unmodified "TONE 787" PCL and PCL modified with starch, with the Master Batch or EBA system, was carried out in the year 1999, whereas the object of study in the year 2000 was unmodified "CAPA 680" PCL and PCL modified with chalk.
METHOD OF INVESTIGATION
Investigations of the compost environment
To find out the conditions prevailing in the compost, we measured the following characteristic parameters of the compost:
-temperature, -pH value (using a Teleko pH-meter, model N 5172f),
-percentage content of dry matter, by drying at 105°C to constant weight and determining the moisture content (according to BN-88/91103-07),
-activity of dehydrogenases in the compost, by measuring the quantity of triphenylformazan (TF) formed from triphenyltetrazolium chloride (TTC) [10) by spectrophotometry (using a Specol colorimeter, wavelength 490 nm).
Investigations of the PCL samples
The degree of biodegradation of PCL samples (in the form of strips with the dimensions 20 x 150 x 0.4 mm) in the compost and in seawater in natural conditions was assessed by investigating:
-the weight changes (%) of the samples, using a Gilbertini E 42s balance; 
RESULTS AND DISCUSSION
The conditions prevailing in natural environments Table 1 shows the characteristic parameters of the compost, and Table 2 gives the parameters of water from the Baltic Sea, obtained from the Institute of Meteorology and Water Management in Gdynia.
Comparing the characteristic parameters of these two natural environments in the year 1999, it can be seen that the average temperature in the water was approx. 18°C, whereas in the compost it was approx. 21°C, i.e. was closer to a favourable temperature from the standpoint of biodegradation (20-60°C) [11) ; moreover, there were wider temperature fluctuations in the compost. It can also be seen that there are differences in the reaction of the different environments. The average pH in compost was 7.47 (neutral reaction), but in seawater it was 8.32 (basic reaction), and therefore it slightly exceeded the pH value (5-8) recommended for biodegradation [11) .
The moisture content of the compost decreased markedly in the incubation period of the polymer samples. As the moisture content decreases, there is a decrease in the activity of dehydrogenases in the compost. A temperature of approx. 20°C and a neutral or basic reaction of the environment probably favour the growth of psychrophilic bacteria and some psychrotrophic bacteria [12) . The salinity of the seawater decreased slightly during the experiments. Initially the oxygen content favoured the growth of epilithic aerobic microflora; its metabolism probably contributed to the increase in the degree of degradation of the polymers.
In the year 2000 the temperature of the compost was lower than the preferred temperature for biodegradation processes [11) . Large variations in pH were observed; the average pH was 6.6, i.e. the environment had a slightly acid reaction. The moisture content remained at a fairly constant, low level, but despite this there was an increase in activity of dehydrogenases over the course of incubation of the samples. The low temperature and slightly acid environment with oxygen access probably favoured the growth of psychrotrophic aerobic hyphal fungi (Moniliales class) [12).
Weight changes of the samples after biodegradation
The progress of biodegradation of modified and unmodified PCL in compost with activated sludge and in seawater was tracked on the basis of the percentage weight changes. As can be seen from Table 3 , biodegradation of unmodified PCL in both of these natural environments was very fast and confirmed that this polymer is susceptible to attack by living organisms. In compost, sample dispersion occurred after 5-6 weeks of incubation of the polymer, whereas in seawater this period was 6-7 weeks.
The very pronounced differences in weight loss of samples of unmodified PCL obtained from two different companies, observed in the first week of biodegradation in compost, were probably caused by different environmental conditions during this process. The unmodified "TONE 787" PCL was biodegraded in the year 1999, when the conditions in the compost favoured enzymatic degradation [11) , and the weight loss recorded then (6.7%) was five times greater than in the year 2000 in the case of samples of "CAPA 680", also unmodified (1.3%).
The data given in Table 3 show that the use of additives in PCL affected the rate of biodegradation, both in compost and in seawater. Even in the first week of incubation in compost, it was possible to observe the largest weight loss (17%) of starch-modified PCL. This probably occurred primarily through consumption of starch by macro-and microorganisms, for it is known that starch is easily degraded by various fungi, yeasts and bacteria.
Addition of CaCO 3 did not alter the degree of biodegradation in the first week, and the weight losses of the PCL modified in this way are similar to the results relating to unmodified PCL. On the other hand, addition 
T/80 of EBA or MB led to smaller weight losses in the initial phase of incubation in compost, in comparison with unmodified "TONE 787" PCL.
The influence of PCL-modifying additions on the rate of biodegradation in seawater was different from their effect in compost. Unmodified PCL displayed the largest weight loss (5.2%) during the first week of incubationgreater than starch-modified PCL (4%). Degradation of starch by macro-and microorganisms living in the seawater environment was probably slower than enzymatic degradation of PCL. On the other hand, the weight loss of PCL modified with calcium carbonate after the first week of incubation in seawater was greater than the loss in compost and was greater than the weight loss of unmodified PCL. This might be caused by washout of CaCO 3 from the PCL in the seawater environment. Slight weight changes in seawater were recorded in the first week in the case of PCL with MB and with EBA.
A similar trend of the effect of individual modifying agents on the process of biodegradation of PCL in compost and in seawater, to that observed in the first week of incubation, was recorded in the subsequent course of the process.
Modification with starch greatly accelerated the biodegradation of PCL in both environments studied, but the rate of biodegradation in seawater was less than in compost. Dispersion was observed after just 4 weeks of the action of compost, though this does not signify completion of biodegradation. In accordance with the composting process, biological degradation should continue until the polymer is decomposed to water and carbon dioxide with the participation of microorganisms that occur in the natural environment [13) . In seawater, starch-modified PCL was dispersed after 5 weeks.
Modification of PCL with calcium carbonate did not have a significant effect on the final time of dispersion of PCL in both natural environments. According to the literature, addition of CaCO 3 to PCL may on the one hand catalyse the rupture of ester bonds and hence accelerate degradation, but on the other hand it may neutralise the carboxyl end groups, slowing down degradation [6) .
Comparing the weight changes of PCL samples biodegraded in seawater and in compost, it can be seen that final dispersion of samples of unmodified PCL and of its mixtures with starch and calcium carbonate takes longer in the seawater environment. The much smaller weight changes observed in seawater compared with the changes occurring in compost are probably due to differences in the microflora of these two environments. It is known that an extensive population of thermophilic bacteria, actinomycetes and fungi live in compost [14) , whereas the predominant microflora in seawater comprises psychrophilic organisms, which exhibit a much lower dynamic of enzymatic transformations than the microorganisms present in compost.
In compost, PCL modified with EBA and MB was biodegraded at a slower rate than unmodified PCL.
Modification with MB had the aim of improving certain processing properties, as well as preventing the polymer film sticking together during production and during final application [15) . The larger weight losses of PCL with MB after degradation in compost than the corresponding weight losses of PCL with EBA probably resulted from the fact that MB containing polyethylene and organic compounds (amides of erucic and oleic acids) is more easily assimilated by macro-and microorganisms; the latter utilise e.g. nitrogen compounds, and therefore amides, for constructing their proteins. However, the LDPE that is present in the system is not susceptible to the action of enzymes, for it is well known that the most important stage in slow degradation of PE is oxidation [16) .
Furthermore, the smaller weight changes of PCL modified with EBA were probably a consequence of considerable resistance of the main hydrocarbon chain of the modifier to attack by the microorganisms living in compost. Larger weight changes occurred in this system after biodegradation in seawater, not in compost. This might have been due to easier access of sunlight to the surface of the samples in the seawater environment, which probably facilitated degradation of the main hydrocarbon chain.
Agents that are added to PCL to promote slip and prevent film sticking are of a physical nature and accordingly we should anticipate their migration to the surface of the polymer film, which undoubtedly hampers enzymatic surface degradation of ester bonds. Process additives (EBA, MB) therefore cause a marked decrease in the rate of degradation of PCL in compost.
Changes in intrinsic viscosity
The intrinsic viscosity of selected PCL samples was determined before and in the course of biodegradation. The results are given in Table 4 .
With increasing duration of biodegradation, the intrinsic viscosity decreases, and on this basis it can be concluded indirectly that there is a decrease in molecular weight of the PCL. After biodegradation in both natural environments, unmodified PCL exhibited the largest decreases in intrinsic viscosity.
PCL modified with EBA was characterised by larger decreases in intrinsic viscosity after biodegradation in seawater, which may be associated with the previously mentioned easier access of sunlight to the polymer surface or mechanical stresses connected with the wave motion of the seawater, which might in turn affect the degradation of the main hydrocarbon chain of EBA. The observed changes in intrinsic viscosity of the samples may also indicate involvement of chemical hydrolysis of ester bonds during the process. However, only precise determination of molecular weights will make it possible to assess the relative importance of enzymatic (surface) degradation and hydrolytic degradation in the biodegradation of PCL.
Strength properties
Addition of modifying agents to PCL has an effect on the mechanical properties, as shown by the data in Table 5 .
The samples of unmodified PCL, even though they were obtained from two different companies, were characterised by very similar initial values of breaking stress (σ r ), but modification of PCL altered these values.
Thus, addition of EBA or MB caused a slight increase in σ r , whereas modification with starch and calcium carbonate caused a considerable decrease.
The observed decrease in σ r of modified and unmodified PCL after biodegradation in natural conditions was caused by destruction of the surface of the polymer.
Surface morphology of the samples
We also assessed the changes occurring on the surface of unmodified PCL under the influence of biodegradation in the two aforementioned natural environments.
Microscopic investigations showed that degradation of this polymer in natural conditions did not proceed in an identical manner on the whole surface of the sample: different pictures were observed in different regions of the surface. Accordingly, photographs were taken of the most frequently occurring images, as shown in Figure 1 .
The surface structure of the sample of unmodified PCL before degradation was fine-grained with two phases (a light crystalline phase and a dark amorphous phase, see Figure 1a ). After two weeks of biodegradation in compost there was an increase in crystallinity (higher proportion of light regions), indicating degradation of the amorphous phase (Figure 1b) . After four weeks the proportion of crystalline regions on the surface had decreased, therefore the crystalline phase had also undergone degradation; numerous small holes and cracks were also observed (Figure 1c) . In the final stage of the biodegradative process (5 weeks) numerous large holes appeared on the PCL surface, with clusters of microorganisms in the form of a dark bloom, which often occupied the entire surface of the polymer (Figure 1d ).
These changes in the images of the PCL samples show that enzymatic degradation is taking place, leading to marked destruction (erosion) of the surface of the polymer films. Enzymatic degradation of PCL takes place in two stages: it affects the amorphous phase first, as a result of which there is a temporary increase in crystallinity, and then degradation of the crystalline phase begins [2, [17] [18] [19] .
Calorimetric analysis
The changes in crystallinity of the biodegraded samples of PCL were also studied using DSC. Table 6 shows the changes in enthalpy of fusion (∆H) of a system with 90% PCL/10% EBA.
The increase in crystallinity that had been observed under the microscope in the initial period of biodegradation was therefore confirmed by the increase in ∆H value in the course of 2 weeks of biodegradation in seawater and 4 weeks of biodegradation in compost. On the other hand, the subsequent decrease of this value is evidence of the start of degradation of the crystalline phase. The DSC studies, like the previously discussed results of measurements of weight losses (Table 3) , indicate slower biodegradation of the 90% PCL/10% EBA system in compost than in seawater.
CONCLUSIONS
Comparative studies of the biodegradation of samples of PCL modified with starch, calcium carbonate or process additives (EBA, MB) in natural conditions (compost, seawater) show that:
-enzymatic degradation of PCL takes place in natural conditions and is accompanied by surface erosion and marked weight changes, plus impairment of mechanical strength;
-enzymatic degradation of PCL is a two-stage process: the amorphous phase is degraded first (accompanied by an increase in crystallinity), then the crystalline phase; -biodegradation of unmodified PCL in natural environments is very quick and confirms that this polymer is very susceptible to attack by living organisms, the rate of degradation depending on the type of environment and concomitant chemical hydrolysis of the ester bonds;
-modification of PCL with starch accelerates biodegradation, whereas modification with calcium carbonate does not affect the final time of dispersion of the polymer sample in the environment;
-modification of PCL with process additivespoly(ethylene-butyl acrylate) (EBA) with antioxidant or LDPE with additions of acid amides (MB) -causes some prolongation of biodegradation in natural conditions. 
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